INTRODUCTION
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Resale or republication not permitted without written consent of the publisher 2000) , often exceeding bacterial abundance by an order of magnitude (Proctor et al. 1988 , Bergh et al. 1989 . Studies on the spatial distribution of viruses and their specific hosts have been conducted in estuaries, coastal waters, and open oceans, as well as in freshwater ecosystems (Paul et al. 1991 , Boehme et al. 1993 , Maranger & Bird 1995 , Noble & Fuhrman 1998 , Wommack & Colwell 2000 .
Viral abundance is associated with the trophic status of an ecosystem (Weinbauer et al. 1993) , hence its variability is correlated with other biological variables such as phytoplankton (Maranger & Bird 1995 , Wommack & Colwell 2000 and bacterial abundance (Paul et al. 1991 , Weinbauer & Suttle 1997 , Alonso et al. 2001 , Culley & Welschmeyer 2002 . For example, a transect from Tampa Bay, Florida, to an oceanic station in the Gulf of Mexico found viral abundance at nearshore surface to be 2 orders of magnitude greater than at offshore surface (Boehme et al. 1993) . Therefore the trophic status has been proposed as a possible driving force that controls the spatial distribution of viruses along an onshore-to-offshore transect (Weinbauer et al. 1993) . Eutrophic environments support a higher standing stock of bacteria and phytoplankton than oligotrophic systems, and thus eutrophication can directly stimulate viral development (Weinbauer et al. 1993 , Maranger & Bird 1995 by providing more hosts for viruses.
The South China Sea (SCS), which is located in the tropical-subtropical rim of the western North Pacific Ocean, is one of the largest marginal seas. It extends from the equator to 22°N (see Fig. 1 ) and has a surface area of about 3.5 × 10 6 km 2 . The SCS receives extensive runoff from several large rivers, such as the Mekong and Pearl Rivers. It has a wide continental shelf to the northwest and south (Chen et al. 2001 , Liu et al. 2002 , and a 4700 m deep basin (Shaw & Chao 1994) . Luzon Strait (sill depth ~1900 m) is the only major channel allowing effective water exchange with the western Pacific Ocean. The SCS is oligotrophic with high sea-surface temperature, low nutrients (Gong et al. 1992 , Wu et al. 2003 , Ning et al. 2005 , low chlorophyll a (chl a) concentrations (Liu et al. 2002 , Ning et al. 2005 , and low primary productivity (Liu et al. 2002 , Ning et al. 2005 . However, few data are available on the abundance of viruses and bacteria in the SCS.
In order to understand the ecological role of marine viruses, it is necessary to establish their spatial distribution, and to determine the abundance of other microbial loop components, mainly bacteria and phytoplankton. The objectives of the present study were to investigate the distribution of viral abundance in the northern SCS and the relationships between viral, bacterial, and phytoplankton abundances. (Knap et al. 1996) .
MATERIALS AND METHODS

Sampling
Both heterotrophic bacteria and viruses were counted on the same slide after staining a sample with SYBR Green I, according to Noble & Fuhrman (1998) . The SYBR Green I staining procedure was chosen as it has been shown to provide accurate measurements of viral abundance in water samples when viral abundance is relatively low (<10 8 ml -1
) (Bettarel et al. 2000 ). Cyanobacteria were not counted. Samples for bacterial and viral abundance were transferred to 2 ml centrifuge tubes, immediately fixed with glutaraldehyde (final concentration 0.5%) and stored in darkness for 15 min. After the 15 min fixation, 0.8 ml samples were filtered onto 0.02 µm Anodisc filters (Whatman) with a vacuum pressure of approximately 20 kPa. The filters were placed on a drop of SYBR Green I solution (final concentration 0.25%) and stained for 15 min in darkness. The slides with the fixed filters were completed in about 30 min and stored at -20°C. The enumeration of bacteria and viruses was made within 4 wk. Immersion oil (type A, Nikon) was added to the fixed filter on the slide, and bacteria and viruses were counted at 1000× magnification under UV excitation using an OLYMPUS BX41 microscope with a 100 W mercury lamp for epifluorescence illumination. At least 200 bacteria and viruses in each field were counted in at least 10 fields.
ANOVAs and standard multiple regressions were performed using SPSS software. All means are ± SD, unless stated otherwise. The results are presented as contour plots obtained with the SURFER program (Golden Software).
RESULTS
Salinity and temperature
The distribution of salinity and temperature in the northern SCS indicated that there were 5 water masses in the northern SCS (Fig. 2) . The Pearl River estuarine coastal plume with lower salinity was evident near the Pearl River estuary, and to the northeast, a cold water mass was located near Taiwan Strait. Seawater of lower temperature and salinity invaded Taiwan Strait in the northeastern part of the SCS due to the typhoon 'Talim', which occurred 8 d before the cruise (see www.
remss.com/cyclone/cyclone.html?year=2005&storm= talim). To the southwest, there was a colder water mass with high salinity and to the southeast a warmer water mass, but salinity in the former was higher than in the latter. There was a warmer water mass with high salinity between Taiwan and Philippines, which was probably the surface water of the Kuroshio Current from Luzon Strait intruding into the SCS and flowing westward along the continental margin of China (Shaw 1991) . Temperature increased southward from the estuarine coastal plume to the open ocean due to the decreasing latitude. The temperature range was relatively small, with a difference of only 1°C in the northern SCS, and was on average 28.5 ± 0.7°C in the estuarine coastal plume, 28.7 ± 0.7°C on the continental shelf, and 29.2 ± 0.4°C in the open ocean. Salinity also increased southward from the estuarine coastal plume to the open ocean (Fig. 2) . Salinity was on average 27.8 ± 7.1 in the estuarine coastal plume, 32.9 ± 1.3 on the continental shelf, and 33.5 ± 0.8 in the open ocean.
Nutrients and chl a
The distribution of nutrients was generally in agreement with the hydrographic patterns as described above, and nutrients decreased southward from the Fig. 3 ). There was a 10× decrease in nitrate and silicate and a 3× decrease in phosphate in the transect from the estuarine coastal plume to the open ocean (Table 1) . Chl a concentrations decreased seaward from the estuarine coastal plume to the open ocean. Average values were 3.4 ± 0.6 µg l -1 in the estuarine coastal plume, 0.8 ± 0.4 µg l -1 on the continental shelf, and 0.7 ± 0.3 µg l -1 in the open ocean (Fig. 4) . The highest values were obtained in the eutrophic Pearl River estuarine coastal plume and in Taiwan Strait due to the vertical mixing caused by the typhoon. Relatively low values were observed in the warmer water mass with higher salinity in the open ocean.
Abundance of viruses and bacteria in the surface water
Bacterial abundance displayed marked spatial variability and was about 3 times higher in the estuarine coastal plume than in the open ocean. The average surface bacterial abundance was 4.6 ± 1.1 × 10 6 ml -1 in the estuarine coastal plume, 2.7 ± 1.6 × 10 6 ml -1 on the continental shelf, and 1.6 ± 0.8 × 10 6 ml -1 in the open ocean (Fig. 4) . The bacterial distribution was similar to that of chl a with a distinct estuarine influence (Fig. 4) .
The highest values were observed in the eutrophic Pearl River estuarine coastal plume and in Taiwan Strait due to the vertical mixing caused by the previous typhoon. Relatively high values were observed in the warmer water mass with lower salinity to the southeast (Fig. 4) . The average viral abundance was 25.2 ± 3.1 × 10 6 ml -1 in the surface of the estuarine coastal plume, significantly different from 14.1 ± 6.5 × 10 6 ml -1 on the continental shelf, and 11.7 ± 5.3 × 10 6 ml -1 in the open ocean (Fig. 5) . The highest abundance of viruses and bacteria occurred at Stn E101 near the eutrophic Pearl River estuary, although the chl a concentration was not the highest at this station. The second highest viral and bacterial abundance appeared at Stn E001 in the estuary, where the chl a concentration was the highest. The next highest viral and bacterial abundance was observed at Stn E301 due to the influence of the invasion of Taiwan Strait water after the typhoon.
The virus to bacteria abundance ratio (VBR) was used to examine the relationship between the abundance of viral and bacterial populations. The mean VBR was 5.6 ± 0.7 in the estuarine coastal plume, 6.1 ± 2.2 on the continental shelf, and 8.4 ± 4.7 in the open ocean; these values were not statistically different from each other. The highest VBR values occurred in the open ocean of the northern SCS region (Fig. 5) .
Vertical distribution
The vertical distribution of salinity and temperature along the E1 transect showed that the vertical gradient in salinity was strong in the estuarine coastal plume, but was relatively small, with only a salinity difference of 1, in waters deeper than 100 m (Fig. 6) . However, the temperature gradient was very large, being 30°C at the surface and decreasing to 16°C at 200 m at all oceanic stations.
Vertical gradients of chl a concentration, bacterial abundance, and viral abundance were larger in shallow waters than in deep waters along the E1 transect (Figs. 7 & 8) . Chl a concentration was highest between 50 and 75 m. Chl a concentration and bacterial and viral abundances were lower throughout the entire water column at E105 than at other stations.
DISCUSSION
Water masses and biomass
Physical processes are important in influencing the spatial distribution of chl a and bacterial and viral abundances. The northern SCS exhibits strong hori- zontal physical gradients from near-shore to offshore primarily due to land runoff and the Pearl River outflow. The East Asia monsoon winds are the major physical drivers of the movement of water masses in the northern SCS. When the northeastern monsoon prevails during winter, saline water from the western Pacific Ocean flows through Luzon Strait and influences the water properties of the basin (Wyrtki 1961 , Shaw 1991 , Gong et al. 1992 , Chu et al. 1997 , as revealed by the distribution of salinity and temperature (Fig. 2) . When the southwestern monsoon prevails during summer, the water properties of the basin are strongly influenced by waters from the southern part of the SCS and summer upwelling (Fan 1984) . During the cruise in September 2005, low salinity waters from the Pearl River outflow occupied the coastal waters beyond the Pearl River Estuary (Fig. 2) , resulting in high nutrients (Fig. 3) . During September, monsoonal winds often shift between the southwest and northeast; as a result, there were high salinity waters near Taiwan Strait due to the Kuroshio Current invasion near Luzon Strait, and high salinity waters in the southwest part of the northern SCS that came from the south (Fig. 2 ) where nutrients were low (Fig. 3) . Consequently, the low salinity water mass with higher nutrient concentrations resulted in higher chl a concentrations, bacterial abundance, and viral abundance, similar to coastal waters; higher salinity waters had lower chl a and lower abundances of bacteria and viruses (Figs. 4 & 5) . Chl a, bacterial abundance, and viral abundance appeared to be related to eddies. Cyclonic and anticyclonic eddies were found to be mesoscale features in the SCS (Hwang & Chen 2000 , He et al. 2002 , Wang et al. 2003 . Upwelled cold and saline water was visible between E101 and E103 and downwelling was present at E105, as shown in the vertical contours of salinity and temperature along the Pearl River estuarine outflow (Fig. 6 ). Additional evidence of upwelling and downwelling processes was the low dissolved oxygen water that appeared at 50 m at Stns E101 to E103 associated with upwelled colder water, whereas high dissolved oxygen water in the surface was observed down to 30 m at Stn E105 (L. He unpubl. data) where the temperature was 28°C (Fig. 6) . As a result, higher chl a concentrations and bacterial and viral abundance occurred at Stns E101 and E103, but lower bacterial abundance was found in the downwelled water at Stn E105 (Figs. 7 & 8) .
Biological processes are often coupled with physical processes. The supply of nutrients is usually associated with waters of low salinity or cold temperatures relative to the surrounding waters. The maximum Pearl River discharge occurs in July (Yin 2003) , and the extent of the estuarine coastal plume should be maximal in the northern SCS during August and early September, since freshwater outflow from the Pearl River spreads and mixes over the northern SCS before it is advected out of the SCS. As a result, estuarine nutrients will be utilized and result in higher chl a in the low salinity waters. This agrees with observations of higher chl a in the SCS associated with the movement of the estuarine coastal plume (Yin et al. 2000) .
The highest viral and bacterial abundances were observed in the estuarine-influenced waters. Cyclonic eddies are usually coupled with upwelling, which brings colder waters and higher nutrients to the surface, as observed by Ning et al. (2004) . In contrast, anti-cyclonic eddies are coupled with downwelling, which results in warmer waters and less nutrients (Ning et al. 2004 ). Our observations agreed with those of previous studies; higher chl a concentrations occurred in colder waters with higher salinity in the southwest, and lower values occurred in warmer waters with lower salinity to the west of the Philippines and south of Luzon Strait. Similarly, higher abundances of bacteria and viruses occurred in waters with higher chl a, although the correlation was not significant. In contrast, low values of bacterial and viral abundance occurred in the waters influenced by the Kuroshio Current to the west of Luzon Strait and downwelling-induced warmer waters at Stn E105.
Geographic comparisons
The highest viral abundance occurred in the Pearl River estuarine plume, which is consistent with observations in other estuarine regions (Wommack & Colwell 2000) . While methods for counting viruses vary, comparisons with other areas showed that viral abundance ranged from 14 to 208 × 10 6 ml -1 in the fall in the Charente Estuary, France (Auguet et al. 2005) , 17.5 to 50.4 × 10 6 ml -1 in August in the Gulf of Bothnia, Sweden (Cochlan et al. 1993) , and 4.6 to 34 × 10 6 ml -1 in Tampa Bay, Florida, USA (Paul et al. 1991 , Boehme et al. 1993 , Jiang & Paul 1994 , Cochran & Paul 1998 ). The observations of high viral abundance in estuarine environments may be the result of the induction of prophages from anthropogenic inputs (Cochran & Paul 1998) .
Viral abundance ranged from 1.7 to 21.6 × 10 6 ml -1 with a mean (± SD) of 11.6 ± 5.3 × 10 6 ml -1
, and was the lowest in the open SCS during September 2005. The range overlaps with the viral abundance reported for other enclosed seas, e.g. 0.056 to 29.6 × 10 6 ml -1 in the northwestern Mediterranean Sea in July 1998 (Weinbauer et al. 2003) . The distribution in viral abundance from the coastal continental shelf to the open sea in the present study was very similar to that along a transect from the coastal waters of Monterey Bay, California to the open Pacific Ocean near Hawaii, with viral abundances ranging from 1.5 to 15 × 10 6 ml -1 during September 1998 (Culley & Welschmeyer 2002) . Viral abundance (3.5 to 25.1 × 10 6 ml -1
, mean of 14.1 ± 6.5 × 10 6 ml -1
) on the continental shelf also agreed with that from the upper layer of Japanese coastal waters (Hara et al. 1991) , and in the coastal waters of Santa Monica and San Diego in Southern California (Cochlan et al. 1993 ). Viral abundance values on the continental shelf lie between that of the estuarine coastal plume and the open ocean because the continental shelf is a transitional region in the nutritional status and eutrophic conditions.
The VBR values for the present study are comparable with those reported by Corinaldesi et al. (2003) for the Adriatic Sea (ranging from 0.3 to 49.2), and by Hara et al. (1991) for Japanese coastal and offshore waters (2.3 to 18), slightly lower than those reported by Wommack et al. (1992) for Chesapeake Bay (12.6 to 25.6), and slightly higher than those reported by Jiang & Paul (1994) for Tampa Bay (0.9 to 9.1).
These comparisons demonstrate that viral abundance varied widely among different oceans and between different areas in the same region, but there appeared to be a common pattern: the highest viral abundance occurred in near-shore waters, and the lowest abundance in offshore waters. The distribution of viruses is subject to various governing processes, such as physical processes and variation in phytoplankton biomass and bacterial abundance.
Correlation between viral abundance and other factors
The spatial distribution of viruses has been shown to be related to water masses in the northern SCS, as viruses were negatively correlated with salinity (r = -0.4458, n = 32, p = 0.0106) and temperature (r = -0.4588, n = 32 p = 0.0083). Although viruses are plankton particles subjected to physical processes, the production and decay of viruses are determined more by factors which affect the productivity and density of host populations in a water mass. Therefore, the correlation between water mass properties and viruses found in the present study ultimately results from the variability in abundance of viral host populations such as phytoplankton and bacteria in the water mass. In the present study, there was a significant, positive correlation between viral abundance and chl a concentration. A positive correlation between chl a concentra-tion and viral abundance has also been shown in Tampa Bay (Boehme et al. 1993 , Jiang & Paul 1994 . In some areas, there was a stronger correlation between viral abundance and chlorophyll a than with bacterial abundance (Boehme et al. 1993 , Jiang & Paul 1994 , and other studies have shown that chl a was a slightly better predictor of viral abundance than bacterial abundance (Maranger & Bird 1995 , Wommack & Colwell 2000 . One possible explanation for these observations is that viral abundance results from enhanced phytoplankton biomass and possibly an increase in viruses infecting the phytoplankton. Conversely, many other studies that have examined changes in bacterial and viral abundance, and have reported a significant correlation between the two (Cochlan et al. 1993 , Weinbauer et al. 1993 . In most marine environments, bacterial abundance is thought to better predict viral abundance, but this can be site-specific or seasonally influenced.
In the northern SCS, viral abundance was more significantly correlated with bacterial abundance (r = 0.8529, p < 0.0001, n = 29) than with chl a concentration (r = 0.5883, p = 0.0010, n = 28). This suggests that bacteria were the main host organisms for marine viruses and, as a result, the variability in bacterial abundance was the main factor governing the viral abundance in the northern SCS. Several studies in other regions have also reported a significant correlation between bacterial and viral abundance in different marine environments (Paul et al. 1991 , Boehme et al. 1993 , Cochlan et al. 1993 , Weinbauer et al. 1993 , GuixaBoixareu et al. 1996 , Weinbauer & Suttle 1997 , Alonso et al. 2001 , Culley & Welschmeyer 2002 .
Studies of changes in VBR have revealed a clear association between VBR and bacterial abundance. The VBR value was significantly negatively correlated with bacterial abundance (r = -0.5683, p = 0.0011, n = 30) in the northern SCS. Higher VBR values were recorded at times of relatively low bacterial abundance and vice versa, possibly due to an increase in cell abundance resulting in more infections, or a decreased residence time for the viruses. Similar results have also been reported in other regions (Jiang & Paul 1994 , Maranger & Bird 1995 , Tuomi et al. 1995 . However, a positive relationship between VBR and bacterial numbers was noted in both oligotrophic water samples collected in the North Pacific (Hara et al. 1996) and eutrophic water samples collected from the northern Adriatic Sea (Weinbauer et al. 1995) . Hara et al. (1996) suggested that higher VBR values coincided with larger numbers of small bacteria, and increased numbers of viruses may act as a positive selective pressure for reduced cell volume. This suggestion is also supported by the colloidal aggregation theory, which predicts that a smaller bacterium would encounter fewer phages through Brownian motion (Hara et al. 1996 , Wommack & Colwell 2000 .
In summary, the large-scale spatial distribution of viruses in the northern SCS showed that viral abundance was low in this oligotrophic sea, and comparable to other oligotrophic areas. In the Pearl River estuarine coastal-influenced areas, viral abundance was the highest. On the one hand, the distribution of viral abundance was subjected to physical processes such as the movement of oceanic water masses (Kuroshio Current, Taiwan Strait and south SCS current), some mesoscale eddy circulation, as well as upwelling or downwelling, which determined the nutrient regimes in the water masses. On the other hand, as water masses move, changes in viral abundance are subject to viral decay and the interactions with phytoplankton and bacteria. Therefore, in the present study the spatial distribution of viral abundance was correlated with phytoplankton biomass, but more significantly correlated with bacterial abundance.
In contrast to some other studies, observations in the present study demonstrate that viral abundance does follow nutrient-related phytoplankton and bacterial activity levels, and supports the view that viruses are an important player in various ocean ecosystems (Suttle 2005) . The highest viral abundance also highlights the significant influence of the relatively nutrient-and organic-rich Pearl River outflow upon the northern SCS, and indicates that viruses respond to anthropogenic inputs in marine ecosystems. 
